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ABSTRACT: Pseudomonas aeruginosa has been detected in
the lungs of ∼50% of patients with cystic fibrosis (CF),
including 20% of adult CF patients. The majority of these
adult patients harbor multi-drug resistant (MDR) strains,
limiting the available treatment options. Silver has long been
used as a broad-spectrum antimicrobial agent with a low
incidence of resistance. Despite low toxicity, poor availability
of silver cations mandates a high dosage to effectively
eradicate infections. To address this shortcoming of silver,
nanoparticles have been used as delivery devices to improve
treatment outcomes. Furthermore, studies have demonstrated
that synergistic combinations with careful dose calibrations
and efficient delivery systems result in superior antimicrobial
activity while avoiding potential side effects of both therapeutics. Here 4-epi-minocycline, a metabolite of minocycline, was
identified as an active antimicrobial against P. aeruginosa using a high-throughput screen. The antimicrobial activities of 4-epi-
minocycline, minocycline, and silver acetate against clinical isolates of P. aeruginosa obtained from CF patients were evaluated in
vitro. Next, the synergistic activity of the silver/minocycline combination against P. aeruginosa isolates was investigated using
checkerboard assays and identified with end-point colony forming unit determination assays. Finally, nanoparticles coloaded
with minocycline and silver were evaluated in vitro for antimicrobial activity. The results demonstrated that both silver and
minocycline are potent antimicrobials alone and that the combination allows a reduced dosage of both therapeutics to achieve
the same antimicrobial effect. Furthermore, the proposed synergistic silver/minocycline combination can be coloaded into
nanoparticles as a next-generation antibiotic to combat the threats presented by MDR pathogens.
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■ INTRODUCTION

Pseudomonas aeruginosa is an opportunistic pathogen that
causes complicated disease states such as bacteremia, otitis,
and soft tissue, urinary tract, and respiratory infections. The
overuse of antimicrobials and the lack of antibiotic stewardship
programs has led to the development of resistance against
several FDA-approved standard-of-care (SoC) therapeutics,
including ciprofloxacin, levofloxacin, cefepime, and gentami-
cin.1 Multi-drug resistant (MDR) P. aeruginosa has been
designated as a “serious” threat by the Centers for Disease
Control and Prevention (CDC).2 With over 51 000 health-
care-associated infections, including 6700 MDR P. aeruginosa
infections annually in the United States, P. aeruginosa is the
leading cause of nosocomial infections and the second most
common pathogen associated with ventilator-associated
pneumonia (VAP).3 P. aeruginosa infections are particularly

challenging to manage and often result in poor prognosis for
immunocompromised patients and patients with cystic fibrosis
(CF). An estimated 47.5% of CF patients harbor P. aeruginosa
in their lungs, including 9.2% of them with MDR P.
aeruginosa.4 In CF patients, the presence of sticky dehydrated
mucus in the airways provides ideal conditions for the
colonization of such opportunistic pathogens.5,6 These
pathogens in the accumulated mucus also form biofilms,6

creating unique conditions resulting in poor drug penetration,
ultimately leading to treatment failure despite the use of
aggressive antibiotics.7,8 Consequently, these chronic pulmo-
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nary infections result in declining lung function, which is the
leading cause of mortality in CF patients.6 Moreover, the
repeated intravenous (i.v.) administration of high-dose anti-
biotics may result in severe side effects and increased
propensity of resistance acquisition.9,10 In addition to P.
aeruginosa, several other pathogens reside in the CF lung4

including Staphylococcus aureus, Stenotrophomonas maltophilia,
and Burkholderia cepacia complex. According the CF patient
registry, an estimated 71.1% of CF patients are colonized with
Staphylococcus aureus, including 26% of patients colonized with
methicillin-resistant Staphylococcus aureus (MRSA). MRSA has
also been designated as a “serious” threat2 and is another
common perpetrator responsible for the deterioration of the
CF lung. Thus to address the polymicrobial infection affecting
this disease state, it is imperative to develop broad-spectrum
therapeutics with potent antimicrobial activity against both
Gram-positive and Gram-negative pathogens. Thus a combi-
natorial antimicrobial approach is particularly attractive to
address polymicrobial infections.
Silver (Ag+) is a broad-spectrum antimicrobial with multiple

mechanisms of action, including its ability to condense
bacterial DNA and disrupt bacterial cell membranes.11 These
diverse mechanisms provide potent antimicrobial activity12 and
may explain the paucity of reported cases of resistance13−16

despite its widespread use to treat burn and wound
infections.17−21 Potent antimicrobial activity coupled to low
toxicity to human tissues22 has led to several FDA-approved
antimicrobial dressings, such as Acticoat Absorbent, Actisorb
Silver 220, and Aquacel Ag, with ionic silver as the active
antimicrobial agent.23 However, because of the affinity of silver
cations for thiolated proteins or chloride ions,24,25 the
bioavailability of silver is poor, which suppresses the
antimicrobial activity of silver ions,25 necessitating an increased
dosage to effectively eradicate infections. This shortcoming can
be addressed through the use of efficient delivery systems such
as nanoparticles. Several reports, including those by our
research group, have demonstrated improved clinical outcomes
when infections are treated with nanoparticle devices.26 These
improvements in treatment outcomes are often achieved with
reduced drug dosages and fewer side effects compared with
unencapsulated drug treatments. The high localized therapeu-
tic concentrations achieved by nanoparticles often overwhelm
drug-resistance mechanisms in pathogens, thereby improving
the antimicrobial efficacy against drug-resistant pathogens.27

Through the use of engineered nanoparticles, many anti-
microbial agents with poor solubility, unfavorable pharmaco-
kinetics, or poor penetration into diseased tissues can be
successfully delivered at optimal therapeutic concentrations to
eradicate MDR pathogens.28,29

We have previously demonstrated the ability of non-
degradable and degradable nanoparticle formulations to shield
silver from biological inactivation.29,30 For example, shell-cross-
linked knedel-like (SCK) nanoparticles exhibit comparable
antimicrobial efficacy to silver-based small molecules in vitro
and superior in vivo efficacy in a murine P. aeruginosa acute
lung infection model.29,31 We first introduced SCKs in the
1990s to overcome the micellar dissociation and enhance the
structural stability.32 The cross-linking provides structural
stability to polymeric micelles, maintains its size and shape,
and improves the ability for chemical modification. The SCK
nanoparticles offer a versatile platform for efficient delivery of
antimicrobials. The unique micellar structure comprising a
hydrophobic core and hydrophilic shell allows for the

codelivery of two unique therapeutics.33 Furthermore, the
physicochemical properties and surface characteristics of SCK
nanoparticles, including hydrophilicity, density, and porosity of
the core and shell, can also be easily customized. For instance,
the molecular weight and length of the amphiphilic polymeric
chain are directly linked to the nanoparticle size and can be
utilized to precisely tune the nanoparticle size.34 The
amphiphilic block terpolymer comprising the SCKs was
designed and synthesized to provide unique characteristics,
such as efficient loading of silver ions by reversible interactions
to alkyne side-chain moieties as well as the ability to penetrate
the thick mucus encountered in the lungs of CF patients.30

These nanoparticles provide sustained release, shield the
therapeutic from biological interactions, and can be localized
at the infection site,35 resulting in a reduction in number of
doses as well as propensity for resistance acquisition.
Several groups have reported synergy with antimicrobials

when used in combination with silver.36 A tobramycin/silver
combination at specific concentrations exerts synergistic
antimicrobial activity against P. aeruginosa biofilms.37 Thus
combination therapeutic strategies demonstrate tremendous
potential and have been employed with FDA-approved SoC
antibiotics. However, such combinations need careful dose
calibrations as well as efficient delivery systems to eliminate
potential pitfalls of both therapeutics. To enhance the efficacy
of silver, we performed a high-throughput screen to identify
potential antimicrobials with activity against P. aeruginosa that
may synergize with silver. We identified 4-epi-minocycline,
previously considered an inactive metabolite of minocy-
cline,38,39 as a molecule with antimicrobial activity against P.
aeruginosa. Minocycline is a broad-spectrum bacteriostatic
agent that inhibits protein synthesis and demonstrates potent
antimicrobial activity.40,41 In addition, minocycline also
exhibits favorable absorption and pharmacokinetic properties
upon oral or intravenous administration.42 Because of these
favorable characteristics and potent antimicrobial activity
against Gram-positive and Gram-negative bacteria, i.v.
minocycline was reintroduced in 2009 as an alternative therapy
to treat MDR bacterial infections.43 Minocycline, including its
i.v. formulation, has also been used as an alternative
therapeutic against Staphylococcus aureus and MRSA,43 which
are commonly found bacteria in CF lungs. We have evaluated
the antimicrobial activity of 4-epi-minocycline against clinical
isolates of P. aeruginosa and MRSA obtained from CF patients.
Furthermore, we evaluated the efficacy of the parent drug,
minocycline, and have demonstrated comparable antimicrobial
activity to 4-epi-minocycline. Next, we have investigated the
potential synergistic activity of the silver/minocycline combi-
nation against P. aeruginosa and MRSA using checkerboard and
end-point colony forming unit (CFU) determination assays.
Finally, we expand upon previously reported nanoparticle
formulations loaded with silver cations.29 We have taken
advantage of the unique design of these nanoparticles and
leveraged our expertise to incorporate both minocycline (core)
and silver (shell) with the goal of developing novel
formulations that provide sustained release of two therapeutics
and shield them from biological interactions. Thus, we have
investigated the potential of a silver/minocycline combination
as a next-generation antibiotic to combat the threats presented
by MDR pathogens.
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■ MATERIALS AND METHODS

Materials. We obtained 4-epi-minocycline (Chemos,
Germany), minocycline hydrochloride (Sigma-Aldrich), silver
acetate (Sigma-Aldrich), dimethyl sulfoxide (DMSO) (Sigma-
Aldrich), Mueller Hinton (MH) broth (BD Difco), tryptic soy
agar (TSA) plates (BD BBL), sheep blood agar plates (BD),
2,2′-(ethylenedioxy)bis(ethylamine) (Sigma-Aldrich), 1-[3′-
(dimethylamino)propyl]-3-ethylcarbodiimide methiodide
(Sigma-Aldrich). The Spectra/Por dialysis membranes
(MWCO 6−8 kDa) were purchased from Spectrum
Laboratories (Rancho Dominguez, CA). Nanopure water (18
MΩ·cm) was acquired by means of a Milli-Q water filtration
system (Millipore, Bedford, MA).
Preparation of Drug Solutions. 4-Epi-minocycline was

dissolved in DMSO, and minocycline hydrochloride was
dissolved in autoclaved water (Milli-Q synthesis system;
Millipore, Billerica, MA) to prepare stock solutions at a final
concentration of 1.0 mg/mL and stored at −80 °C until use. A
fresh stock solution of 1.0 mg/mL silver acetate was
reconstituted in autoclaved water before each experiment.
Preparation and Characterization of aSCKs. In brief, a

polyphosphoester-based anionic amphiphilic diblock copoly-
mer was synthesized from poly(2-ethylbutyl phospholane)-
block-poly(butynyl phospholane) by a “click”-type thiol−yne
reaction with 3-mercaptopropanoic acid.44,45 Then, the anionic
diblock copolymers (623 mg, 2.08 mmol of acrylic acid) were
suspended into nanopure water (60.0 mL) and sonicated for
10 min. The clear solution was stirred for another 1 h to obtain
well-dispersed micelles, followed by the addition of a solution
of 2,2′-(ethylenedioxy)bis(ethylamine) (EDDA, 46.1 mg,
0.311 mmol) dropwise in nanopure water (10.0 mL). The
solution was allowed to stir for 1 h at room temperature. To
this reaction mixture was added dropwise a solution of 1-[3′-
(dimethylamino)propyl]-3-ethylcarbodiimide methiodide
(EDCI, 204 mg, 0.687 mmol) in nanopure water (10.0 mL)
via a syringe pump over 1 h. The reaction mixture was allowed
to stir overnight at room temperature and was then transferred
to presoaked dialysis membrane tubes (MWCO ca. 12−14
kDa) and dialyzed against nanopure water for 36 h in the cold
room (4−8 °C) to remove small molecules. The purified
anionic SCK (aSCK) solution was lyophilized into powder and
kept in the freezer at −20 °C.
Silver Loading into aSCKs. In a typical experiment,

aSCKs (250 mg) were dissolved in 25.0 mL of nanopure water
and sonicated for 5 min. Silver acetate (100 mg) in 20.0 mL of
nanopure water was added, and the mixture solution was
shaded with aluminum foil and stirred overnight. The solution
was transferred to a centrifugal filter device (100 kDa MWCO)
and washed extensively for several cycles (n > 3) with
nanopure water to remove free small molecules. The purified
samples were lyophilized and stored at −20 °C. The amount of
silver loaded into the micelles was quantified by ICP−MS
using rhodium as an internal standard. The drug loading
efficiency was determined to be 28%, with a 10.1% silver
loading (mass of silver/total mass of drug-loaded aSCKs).
Minocycline Loading into aSCKs. In a typical experi-

ment, aSCKs (5.0 mg) were dissolved in 3.0 mL of nanopure
water and sonicated for 5 min. Minocycline hydrochloride (1.5
mg) in 1.0 mL of nanopure water was added, and the mixture
solution was shaded with aluminum foil and stirred overnight.
The solution was transferred to a centrifugal filter device (100
kDa MWCO) and washed extensively for several cycles (n > 3)

with nanopure water to remove free small molecules. The
purified samples were lyophilized and stored at −20 °C. The
amount of minocycline hydrochloride loaded into the micelles
was quantified by UV−vis using absorbance at 345 nm. The
drug-loading efficiency was determined to be 40%, with a
10.8% minocycline hydrochloride loading (mass of minocy-
cline hydrochloride/total mass of drug-loaded aSCKs).

Dual Loading into aSCKs. In a typical experiment, Ag-
loaded aSCKs (9.2 mg, containing 0.92 mg silver) were
dissolved in 5.0 mL of nanopure water and sonicated for 5 min.
Minocycline hydrochloride (2.8 mg) in 1.8 mL of nanopure
water was added, and the mixture solution was shaded with
aluminum foil and stirred overnight. The solution was
transferred to a centrifugal filter device (100 kDa MWCO)
and washed extensively for several cycles (n > 3) with
nanopure water to remove free small molecules (Figure S2).
The purified samples were lyophilized and stored at −20 °C.
The amount of minocycline hydrochloride loaded into the
micelles was quantified by UV−vis using absorbance at 345
nm, whereas the amount of silver loaded into the micelles was
quantified by ICP−MS using rhodium as an internal standard.
The drug-loading efficiency for minocycline hydrochloride was
determined to be 51%, with a 13.4% minocycline hydro-
chloride loading (mass of minocycline hydrochloride/total
mass of drug-loaded aSCKs).

Release of Drugs from Nanoparticles. The release
profiles of the drug-loaded aSCKs were studied by monitoring
the decrease in drug concentration over time in dialysis
cassettes by ICP−MS or UV−vis. In a typical procedure, drug-
loaded aSCKs (3.0 mL) were transferred into a presoaked
dialysis cassette. The cassette was allowed to stir in a beaker
containing 3000 mL of nanopure water at 37 °C. Aliquots (ca.
0.05 mL) were taken at predetermined time points up to 50 h.
Silver and minocycline hydrochloride concentrations were
determined by ICP−MS and UV−vis, respectively. The release
experiments were conducted in triplicate.

Bacterial Culture. Clinical isolates of P. aeruginosa
(PA0531, PA0540, PA0545, PA0551, PA0552, PA0554,
PA0557, PA0561, PAHP3, PAM57-15, and PAO1) were
streaked from frozen stocks onto TSA plates and incubated
overnight at 37 °C. A single bacterial colony was then
suspended in MH broth and allowed to grow at 37 °C in a
shaking incubator at 200 rpm to an OD650 of 0.4, which
corresponds to ∼5 × 108 CFU/mL. Bacterial cultures were
adjusted to 5 × 105 CFU/mL to prepare a working stock for all
experiments.

High-Throughput Screen. P. aeruginosa strain PAO1 was
streaked onto lysogeny broth (LB) agar plates and incubated
overnight at 37 °C. A single bacterial colony was resuspended
in LB broth and grown overnight at 37 °C in a shaking
incubator at 200 rpm. Compounds from the “SAC1”
Sacchettini lab diversity library (∼50 000 unique compounds
assembled in house; 1 mM in 100% DMSO) were transferred
to clear 384-well assay plates (1.5 μL). The overnight culture
was then diluted to an OD600 of 0.005 in fresh LB and
aliquoted to assay plates (60 μL). Following a 2 h incubation at
37 °C, 0.2 μM filtered resazurin dye (0.05% w/v) was added
(3 μL). After an additional hour of incubation, the absorbance
at 573 and 605 nm was measured on a POLARstar Omega
plate reader. The percent inhibition of each compound was
calculated according to the following equation: % growth = (ω
− xp)/(xn − xp) × 100%, where values of ω (sample), p
(positive control), and n (negative control) were determined
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by the difference between sample absorbance values (OD573 −
OD605). Trimethoprim (100 μM) and DMSO were used as
positive and negative controls, respectively.
In Vitro Antimicrobial Activity. Minimum inhibitory and

bactericidal concentrations (MIC and MBC) were determined
according to the standard Clinical and Laboratory Standards
Institute (CLSI) broth-microdilution method. In brief, 100 μL
of working stock of bacterial suspension was added to each
well (n = 3) containing 100 μL of silver acetate, 4-epi-
minocycline, or minocycline solution in a 96-well plate. All
solutions were composed of 95% MH broth and 5% (v/v)
DMSO. Bacteria were incubated with 0.06, 0.13, 0.25, 0.5, 1, 2,
4, 8, 16, 32, 64, and 128 μg/mL minocycline or 4-epi-
minocycline or 0.13, 0.25, 0.5, 1, 2, 4, 8, 16, and 32 μg/mL
silver acetate at 37 °C for 18−24 h under static conditions.
The final concentration of DMSO in the assay was 2.5% (v/v).
The MIC was determined as the lowest concentration that did
not show any signs of bacterial growth upon visual inspection.
Finally, the MBC was determined by plating the bacterial
solutions demonstrating growth inhibition on blood agar plates
and recording the lowest concentration that resulted in no
growth after an 18−24 h incubation at 37 °C. All experiments
were performed in triplicate. The color codes indicate the drug
resistance cutoffs for minocycline against S. aureus, as
published by the CLSI. Green, yellow, and red indicate if a
particular S. aureus isolate is susceptible, intermediate
susceptible, or resistant to minocycline, respectively. A similar
scale was adopted for P. aeruginosa.
Determination of Synergistic Drug Combinations.

Four P. aeruginosa isolates (PA0540, PA0557, PAHP3, and
PAO1) were selected based on their sensitivity to silver acetate
and minocycline. The selection criteria included one strain
from each of the following categories; sensitive to both drugs,
resistant to both drugs, or sensitive to one drug and resistant to
the other drug. Hence, we selected PAO1, which is sensitive to
both drugs; PA0540, which is sensitive to silver acetate and
resistant to minocycline; PAHP3, which is sensitive to
minocycline and resistant to silver acetate; and PA0557,
which is resistant to both drugs. A dynamic concentration scale
based on the MIC and MBC values was used to determine the
optimal ratio of synergistic concentrations between the two
therapeutic agents. The final solutions were composed of 95%
MH broth and 5% DMSO. A 100 μL working stock of bacterial
suspension was incubated with a 100 μL of solution of
therapeutic agents (n = 3) for 18 h at 37 °C. Final drug
concentrations incubated with each bacterial isolate are
mentioned in Table 1. Wells demonstrating bacterial growth
inhibition were identified visually to determine a synergistic
MIC. All experiments were performed in duplicate. To

evaluate for potential synergy, the fractional inhibitory
concentration (FIC) was calculated, as shown in eq S1 and
defined in Table S1.

Determination of Bacterial Burden for Synergistic
Drug Combinations. Potential synergy between combina-
tions of silver acetate and minocycline against P. aeruginosa
isolates PA0557 and PA0540 at a final concentration of 106

CFU/mL was determined using a 24 h end-point CFU study
performed in triplicate. The concentrations of silver acetate
tested against PA0557 were 1, 2, and 4 μg/mL, and the
concentrations of minocycline tested were 2, 4, 8, and 16 μg/
mL. Individual drugs served as controls. The concentrations of
silver acetate tested individually against PA0557 were 1, 2, 4, 6,
and 8 μg/mL, and the tested concentrations of minocycline
alone were 4, 8, 16, 32, and 64 μg/mL. The concentrations of
silver acetate tested against PA0540 were 0.13, 0.25, 0.5, and 1
μg/mL, and the concentrations of minocycline tested were 16,
32, and 64 μg/mL. Individual drugs served as controls. The
concentrations of silver acetate tested individually against
PA0540 were 0.13, 0.25, 0.5, and 1 μg/mL, and the tested
concentrations of minocycline alone were 16, 32, and 64 μg/
mL. Synergy was defined as ≥2 log10 CFU/mL reduction
between combined agents and the most effective individual
agent at 24 h.46

The bacterial concentrations (CFU) of PA0557 were also
determined after incubation with combinations of free drugs,
as well as dual-loaded nanoparticles. Individual drugs at
concentrations corresponding to those tested in combination
as well as blank nanoparticles served as controls. The ratio of
silver acetate to minocycline was maintained at 1:0.87 (w/w)
for all combinations to mirror the drug loading in the dual-
loaded nanoparticles. The tested concentrations of silver
acetate and minocycline were 1, 2, 4, 6, and 8 μg/mL and
0.87, 1.74, 3.48, 5.22, 6.96 μg/mL, respectively. A 100 μL
working stock of bacterial suspension was incubated with 100
μL of drug solution (n = 4) in each well of a 96-well plate at 37
°C for 24 h with constant shaking at 100 rpm. The final
solutions were composed of 97.5% MH broth and 2.5% (v/v)
DMSO. Finally, a 10-fold serial dilution was performed in MH
broth with the bacterial suspension from each well, and 50 μL
of each dilution was plated onto a blood agar plate. Plates were
incubated for 18 h, and colonies were counted to determine
the CFU for each condition. The potential synergistic effects
between silver acetate and minocycline were determined as
described above. All experiments were performed in duplicate.

Transmission Electron Microscopy. The drug-loaded
nanoparticles suspended in aqueous solutions (4 μL) were
deposited onto carbon-coated copper grids for 1 min, and
excess solution was wicked away with a piece of filter paper.
For minocycline-loaded SCKs, a drop of 1 wt % uranyl acetate
was then added and allowed to stand for 30 s before the excess
stain was wicked away. No stain was used for silver-loaded
SCKs and dual-loaded SCKs. The grids were allowed to dry in
air overnight. Transmission electron microscopy (TEM)
images were collected using a JEOL 1200 EX electron
microscope operating at 100 kV, and micrographs were
recorded at calibrated magnifications using a SIA-15C
charge-coupled device (CCD) camera.
Untreated bacteria and bacteria treated with silver acetate,

minocycline, or both drugs, to be examined by TEM, were
pelleted and fixed in 2.5% glutaraldehyde and 1% acrolein in
0.2 M Sorensen’s phosphate buffer for 1 h at room
temperature. The fixed samples were stained with 1% aqueous

Table 1. Concentrations of Silver Acetate and Minocycline
Hydrochloride Incubated with Select P. aeruginosa Isolates
To Determine Synergistic Activitya

strain
silver acetate concentration

(μg/mL)
minocycline HCl concentration

(μg/mL)

PAO1 1, 2, 3, 4, and 6 1, 2, 4, 8, 16, and 32
PAHP3 2, 4, 6, 8, and 16 1, 2, 4, 8, 16, and 32
PA0540 1, 2, 3, 4, and 6 4, 8, 16, 32, 64, and 128
PA0557 2, 4, 6, 8, and 16 2, 4, 8, 16, 32, and 64

aBacteria were incubated with a combination of each of the drugs at
the following concentrations.
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osmium tetroxide overnight at 4 °C. Samples were dehydrated
with acetone and then infiltrated with resin. Subsequently, the
samples were thin-sectioned in a microtome (Boeckeler
MTX), poststained in uranyl acetate and lead citrate, and
then visualized on a JEOL 1200 EX electron microscope.
Statistical Analysis. All statistics were calculated using

JMP Pro 13 for Macintosh (SAS Institute, Cary, NC, www.
jmp.com). Differences between the treatments were inves-
tigated by one-way ANOVA, followed by Tukey’s multiple
comparison test (95% confidence intervals). * indicates p ≤
0.05, ** indicates p ≤ 0.01, *** indicates p ≤ 0.001, and ****
indicates p ≤ 0.0001.

■ RESULTS
High-Throughput Screening Identified 4-Epi-minocy-

cline as a Potent Inhibitor of Pseudomonas aeruginosa.
To identify novel compounds with antipseudomonal activity
for loading into aSCK nanoparticles, we screened a high-
diversity library of small molecules (SAC1) for inhibition of
the clinical P. aeruginosa isolate, PAO1. Plates with high
control variability, as indicated by control z′ scores >0.4, were
removed from the resulting data set. Of the remaining 39 340
compounds, 9 hits were identified with >90% growth
inhibition (Figure 1). The properties of 4-epi-minocycline,

including its high antimicrobial activity against PAO1 (98%
inhibition) and hydrophobicity known to enhance loading into
the core−shell interface of the aSCK nanoparticles,47−49

prompted the use of this inhibitor for further efficacy studies.
In Vitro Antimicrobial Activity of Silver Acetate, 4-

Epi-minocycline, and Minocycline against Pseudomo-
nas aeruginosa. We characterized the minimum inhibitory
and bactericidal concentrations (MICs and MBCs) of 4-epi-
minocycline, minocycline, and silver acetate against 11 P.
aeruginosa clinical isolates (Table 2). Silver acetate has
consistent antimicrobial activity against P. aeruginosa, with
MICs between 4 and 6 μg/mL and MBCs between 4 and 8
μg/mL (Table 2). 4-Epi-minocycline exhibits MICs similar to
those of minocycline against 8 of the 11 tested strains, whereas
it shows slightly lower MICs than minocycline against the
remaining 3 strains (Table 2). With regards to MBCs, 4-epi-
minocycline exhibits MBCs against PA0554, PA0557, and

PAM57-15 that are lower than those of minocycline, whereas
the MBCs for 4-epi-minocycline and minocycline are
comparable for PA0545 and PA0551. In contrast, minocycline
has lower MBCs against PA0552, PAHP3, and PAO1
compared with 4-epi-minocycline. Finally, the MBCs of 4-
epi-minocycline and minocycline are out of our detection
range against PA0531 and PA0540 (Table 2).

Additive Effects of Silver Cations and Minocycline
Demonstrated by Checkerboard Assay. To explore the
potential synergistic antimicrobial effects between silver cations
and minocycline, we tested combined drugs against four
selected P. aeruginosa strains using a checkerboard assay. The
MICs of combined drugs summarized in Table 3 are reduced
compared with the MICs of silver cations or minocycline alone
against PA0540, PA0557, and PAO1. However, on the basis of
the FIC calculations performed using eq S1, we observe an
additive effect for the combination of silver cations and
minocycline rather than a synergistic effect against PA0540,
PA0557, and PAO1. Interestingly, combining silver cations and
minocycline did not change the MIC of either drug tested
alone against PAHP3 (Table 3).

Synergistic Effects of Silver Cations and Minocycline
Demonstrated by End-Point CFU Studies. Even though
we did not observe a synergistic effect between silver cations
and minocycline against P. aeruginosa using a checkerboard
assay, we performed an end-point CFU study to investigate the
effect of the combination therapeutic on CFU. The
concentrations used in the 24 h end-point CFU study were
selected based on the checkerboard assay result. For PA0557,
the combinational MIC of silver acetate and minocycline is 2
and 4 μg/mL. For PA0540, the combinational MIC of silver
acetate and minocycline is 1 and 32 μg/mL. Therefore, for the
24 h end-point CFU study, we selected silver acetate and
minocycline concentrations at sub- or at individual MIC
concentrations but included the combinational MIC within the
testing range. The bacterial concentration of PA0557 is ∼109
CFU/mL when treated with 4 μg/mL silver acetate or
minocycline alone. However, following exposure to a
combination of 4 μg/mL silver acetate and 2 μg/mL
minocycline, the bacterial burden of PA0557 is reduced to
<104 CFU/mL (Figure 2A,B). Because the synergistic effect in
end-point CFU study is defined as a ≥2 log10 reduction in
bacterial burden compared with the most efficacious individual
treatment, the aforementioned combination of silver cations
and minocycline demonstrated synergy in our end-point CFU
study. We verified the synergy of this combination against an
additional P. aeruginosa isolate, PA0540. Upon treatment with
a combination of 0.5 μg/mL silver acetate and 32 μg/mL
minocycline, PA0540 demonstrates a >2 log10 reduction of
bacterial burden, indicating synergy (Figure 2C).

Characterization of the Nanoparticles. The anionic
polymer was synthesized via thiol−yne reaction between 3-
mercaptopropionic acid and diblock copolymer poly(2-ethyl-
butoxy phospholane)-block-poly(2-butynyl phospholane)
(PEBP-b-PBYP). Then, aSCKs were prepared by self-assembly
of the anionic polymer, followed by cross-linking using a
diamine as a cross-linker. Silver cations and minocycline were
loaded into the aSCKs by mixing for 3 h and purified by
centrifugal filter devices. In the absence of SCKs, most
(>99.9%) of the free minocycline hydrochloride was removed
after three washes (Figure S3). The dual-loaded aSCKs were
obtained by stirring silver-loaded aSCKs with minocycline for
3 h, followed by purification. Both silver cations and

Figure 1. HTS bacterial inhibition screen. A small-molecule diversity
library (SAC1) was screened for the inhibition of P. aeruginosa strain,
PAO1. Nine compounds with >90% inhibition were identified. Of
these potent inhibitors, 4-epi-minocycline was selected for character-
ization and downstream loading applications. 4-Epi-minocycline is
highlighted in red. 10% growth (90% inhibition) cutoff is indicated by
a dashed green line.
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minocycline could be loaded into the same aSCKs with ca.
10% loading (Table 4). Dual-loaded aSCKs had a slightly
higher minocycline loading, which might be due to potential
interactions between the two drugs. The sizes and size
distributions of these silver- and minocycline-loaded nano-
particles were characterized by dynamic light scattering (DLS)
and TEM (Figure 3). These data suggest that minocycline
loading had little effect on the number-averaged hydrodynamic
diameter of the nanoparticles. Previous studies have shown
that the average diameter of the anionic micelles prior to cross-
linking was 15 nm30 and that after cross-linking was 16 nm

Table 2. MICs and MBCs of Pseudomonas aeruginosa Strains with Treatment of Silver Acetate, 4-Epi- minocycline, and
Minocycline (units: μg/mL)

Table 3. MIC of Combining Silver Acetate and Minocycline
against Four Selected Strains of Pseudomonas aeruginosa

drug

strains
MIC (μg/mL)

silver acetate/minocycline FIC
FIC

interpretation

PAO1 1/2 0.75 additive
PAHP3 4/8 2 indifference
PA0540 1/32 0.75 additive
PA0557 2/4 0.58 additive

Figure 2. Synergy demonstrated between silver and minocycline against (A,B) PA0557 and (C) PA0540 by an end-point CFU study after 24 h of
incubation with the drug concentration ratios (in μg/mL) indicated under each panel. 0: bacterial CFU without drug treatment; S: bacterial CFU
treated with silver acetate; M: bacterial CFU treated with minocycline; C: bacterial CFU treated with silver acetate in combination with
minocycline at the ratio indicated. Data are shown as mean and standard deviation (n = 6). Statistical significance determined by one-way ANOVA
followed by Tukey’s multiple comparison test (**** p ≤ 0.0001).
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(Dav (TEM) = 16 ± 3 nm; Dh (DLS, number) = 16 ± 4 nm;
Dh (DLS, volume) = 22 ± 14 nm; Dh (DLS, intensity) = 25 ±
8 nm).35 The diameter of the silver-loaded nanoparticles was
similar to that of empty nanoparticles, namely, 15 nm (Figure
3A; Dh (DLS, number) = 15 ± 4 nm; Dh (DLS, volume) = 19
± 6 nm; Dh (DLS, intensity) = 175 ± 19 nm). The diameter of
the minocycline-loaded nanoparticles was also similar to that of
empty nanoparticles, namely, 12 nm (Figure 3B; Dh (DLS,
number) = 12 ± 3 nm; Dh (DLS, volume) = 17 ± 9 nm; Dh
(DLS, intensity) = 42 ± 27 nm). In contrast, the dual-loaded
nanoparticles were slightly larger than either of the single-
loaded SCK nanoparticles at 22 nm (Figure 3C; Dh (DLS,
number) = 22 ± 6 nm; Dh (DLS, volume) = 33 ± 21 nm; Dh
(DLS, intensity) = 131 ± 103 nm).
To investigate the release of minocycline from loaded

aSCKs, drug-loaded aSCKs were placed into dialysis tubing
containing nanopure water (Figure 4). Rapid drug releases
were observed for all drug-loaded aSCKs. Minocycline was
released from the single-loaded SCK nanoparticles into
nanopure water with a release half life (t1/2) of 1.1 h. The
release t1/2 of silver from the single-loaded nanoparticles was
slightly longer at 1.8 h. Interestingly, the t1/2 of minocycline
release from the single-loaded nanoparticles was the same as

that from the dual-loaded nanoparticles, but t1/2 of silver
release increased from 1.8 h for single-loaded nanoparticles to
3.4 h for dual-loaded nanoparticles, respectively (Figure 4,
Table 5). In the absence of SCKs, ca. 90% of the free drug is
released from the dialysis tubing within 1 h.

Silver and Minocycline Dual-Loaded Nanoparticles
Demonstrated Efficacy against PA0557 and the Silver/
Minocycline Ratio Demonstrated Synergy as Free
Drugs in End-Point CFU Studies. In the previous
experiments, silver acetate and minocycline were found to be
synergistic as free drugs when the ratio between silver and
minocycline was 2:1; however, this first iteration nanoparticle

Table 4. Silver and Minocycline Hydrochloride Loading
into aSCKs

compound loading

drug-loaded SCKs
silver
(mg)

minocycline
hydrochloride

(mg)
SCKs
(mg)

drug loading
(w/w %)

silver-loaded 0.464 0 4.6 10.1
minocycline-loaded 0 0.175 1.63 10.8
dual-loaded 0.161 0.217 1.62 Ag: 9.9;

Mino:13.4

Figure 3. Characterization of nanoparticles. DLS histograms of intensity-averaged (Dh (intensity)), volume-averaged (Dh (volume)), and number-
averaged (Dh (number)) hydrodynamic diameters of (A) dual-loaded, (B) Ag-loaded, and (C) minocycline-loaded SCK nanoparticles. Bright-field
TEM images of (D) dual-loaded, (E) Ag-loaded, and (F) minocycline-loaded SCK nanoparticles. Minocycline-loaded SCKs were stained by uranyl
acetate. Scale bar is 100 nm.

Figure 4. Release profiles of silver and minocycline from dialysis
cassettes containing suspensions of silver-loaded, minocycline-loaded,
or dual-loaded SCK nanoparticles at 37 °C in nanopure water.
(Averages were calculated from triplicate experiments.)
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formulation is loaded with a silver/minocycline ratio of 1.15:1,
which provides a minocycline concentration of 3.48 μg/mL
when the silver cation concentration is 4 μg/mL. The
nanoparticles loaded with silver acetate alone or dual-loaded
with silver acetate and minocycline demonstrated a 2 log10 or
greater reduction in P. aeruginosa CFU compared with no
treatment or empty nanoparticles when the silver acetate
concentration was 4 μg/mL or higher (Figure 5A). Nano-
particles loaded with minocycline alone showed a 2 log10 or
greater reduction in CFU compared with no treatment or
empty nanoparticles when the minocycline concentration was
5.22 μg/mL or higher (Figure 5A). At the C3 concentration,
treatment with dual-loaded nanoparticles resulted in a 5 log10
and a half-log reduction in bacterial burden compared with
minocycline-loaded and silver-loaded nanoparticles, respec-
tively. In contrast, when P. aeruginosa was treated with silver
acetate and minocycline as free drugs at the same ratio found
in the nanoparticles, the combination of 4 μg/mL silver acetate
and 3.48 μg/mL minocycline was found to produce a >2 log10
reduction in CFU compared with either drug added alone and
hence was synergistic (Figure 5B). The dual-loaded nano-
particles did not meet the definition of synergy at the C3
concentration because the antimicrobial effects of silver-loaded
nanoparticles were significantly enhanced likely due to the
sustained release of silver. Nevertheless, the dual-loaded
nanoparticles demonstrated a 1/3 log10 further bacterial
reduction compared with the same C3 concentrations of
combined free drugs.
Transmission Electron Microscopy Demonstrated the

Antimicrobial Activity of Silver Cations and Minocy-

cline. In the absence of any treatment, P. aeruginosa showed
typical cellular morphology with no damage to cellular
components or membranes. When bacteria are exposed to
silver cations at 4 μg/mL, electron-dense granules are observed
along the bacterial membrane. An irregular morphology and
disintegration of the cellular components is also seen. DNA
condensation is also observed in the center of bacteria. Gaps
are observed between the cytoplasm membrane and the cell
wall. In the presence of 2 μg/mL minocycline, membrane
segmentation is observed in P. aeruginosa along with
condensed and disintegrated cellular components. Leakage of
the cellular components from the bacterial cells is also
observed. Gaps between the cytoplasm membrane and the
cell wall are observed when bacteria are treated with
minocycline. Finally, following the treatment of bacteria with
both silver cations and minocycline, a combination of the
previous observations, with silver deposition outside bacteria
and segmentation of the bacterial membrane, resulting in
leakage of bacterial components, is observed. In addition,
electron-dense granules are seen in combination-treated
bacteria but not with minocycline-treated bacteria (Figure 6).

■ DISCUSSION
The high rates of morbidity and mortality associated with
MDR pathogens, in particular, MDR P. aeruginosa, pose a
serious threat to the public health and call for the accelerated
development of novel treatment strategies. Several new
antimicrobial strategies are being evaluated by research
laboratories across the world; however, to expedite the
regulatory approval processes, we have focused on the
development of combination therapies that utilize existing
SoC antimicrobials. We have established antimicrobial efficacy
of several silver-based small molecules.29,50−53 Moreover,
silver, incorporated into bandages or creams, has been widely
used for the treatment of bacterial infections in burn and
wound patients; however, the poor stability of these silver
cations has limited its use in these topical applications. We
have previously demonstrated the ability of nanoparticles to
shield silver cations from such external factors and improve
their bioavailability to address this limitation.29 To further
enhance the antimicrobial efficacy of silver against MDR
pathogens as well as realize the full potential of SCK

Table 5. Release Kineticsa

drug release t1/2

drug-loaded SCKs silver (h) minocycline (h)

silver-loaded 1.8 NA
minocycline-loaded NA 1.1
dual-loaded 3.4 1.1

aRelease of minocycline and silver that was single- or dual-loaded into
SCK nanoparticles at 37 °C in nanopure water, as measured by either
ICP−MS (silver) or UV−vis (minocycline) in aliquots collected from
the cassettes over 2 days.

Figure 5. Silver and minocycline dual-loaded nanoparticles demonstrated efficacy against PA0557, and the combination of free silver and
minocycline demonstrated synergy in end-point CFU studies. Colony counts of PA0557 after treating with (A) silver nanoparticles, minocycline
nanoparticles, and dual-loaded nanoparticles and (B) free drug of silver and minocycline or silver combined with minocycline corresponding to the
ratio of drugs found in the nanoparticles. The silver/minocycline concentrations tested were C1, 1:0.87; C2, 2:1.74; C3, 4:3.48; C4, 6:5.22; and C5,
8:6.96 μg/mL. Statistical significance determined by one-way ANOVA, followed by Tukey’s multiple comparison test (*** p ≤ 0.001, **** p ≤
0.0001).
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nanoparticles, we selected 4-epi-minocycline as the candidate
for combination therapy identified from the high-throughput
screening of a diverse compound library. The hydrophobic
nature of 4-epi-minocycline allows us to incorporate it in the
core−shell interfaces of the SCK nanoparticles via hydro-
phobic interaction and electrostatic interaction between amino
groups of the drug and carboxylate groups in the hydrophilic
shells in conjunction with the silver cations loaded into the
shell via electrostatic interaction with carboxylate groups and
coordination with two sulfur atoms.47−49,54 In addition,
minocycline, an isomer of 4-epi-minocycline, is an SoC
antimicrobial with potent antimicrobial activity against
Gram-positive pathogens including MRSA. Thus minocycline
and its isomers, including 4-epi-minocycline, are ideal
candidates for use as combination therapeutics.
Minor structural differences between the parent compound,

minocycline, and its isomer, 4-epi-minocycline, prompted
further investigation into the activity of minocycline against
these P. aeruginosa and MRSA isolates. Minocycline and 4-epi-
minocycline demonstrate comparable antimicrobial activity
against the 11 P. aeruginosa strains tested (Table 2). In
addition, minocycline demonstrates comparable or superior
antimicrobial activity to 4-epi-minocycline against 11 MRSA
strains tested (Table S3). This observed activity of minocycline
is comparable to previously reported results;55 however, this is
the first report of antimicrobial activity of 4-epi-minocycline,
which is generally thought to be a pharmacologically inactive
molecule.56−58 The tetracycline family, including minocycline,
inhibits protein synthesis through binding via its hydrophilic
surface to the 16S rRNA component of the 30S ribosomal
subunit.59 A competition study has demonstrated that
minocycline binds to the ribosomes in a fashion similar to
tetracycline.60 Hence, owing to the structural similarities
between minocycline and 4-epi-minocycline exerts, we believe

that 4-epi-minocycline exerts antimicrobial activity via a
mechanism similar to that of tetracycline and minocycline.
Silver, on the contrary, demonstrated lower MIC values,

namely, 4 μg/mL for seven of eight strains and 6 μg/mL for
another, compared with the MICs of both 4-epi-minocycline
and minocycline, which were 4 μg/mL for only three of eight
strains and ranged from 8 to 32 μg/mL for the remaining five
P. aeruginosa strains (Table 2). Furthermore, silver demon-
strated relatively higher MIC values: MIC of 8 μg/mL against
SAEH 05, MIC of 16 μg/mL against 4 of 11 tested MRSA
strains, and 24 μg/mL against 6 of 11 tested MRSA strains
(Table S3). This antimicrobial activity of silver is in agreement
with previous reports.30,61 These compounds have been
evaluated individually as antimicrobial agents; however, their
combinations with other antimicrobials have yet to be explored
as next-generation antimicrobials. Minocycline has been used
by clinicians as a broad-spectrum antibiotic with well-
established pharmacokinetics, pharmacodynamics, efficacy,
and safety profiles.62,63 In addition, minocycline is known to
epimerize into 4-epi-minocycline under mildly acidic con-
ditions in the body and is excreted as a metabolite.38,39

Moreover, minocycline demonstrated similar or superior
antimicrobial efficacy to 4-epi-minocycline against tested P.
aeruginosa and MRSA isolates in vitro. Finally, 4-epi-
minocycline is an impurity isolated during the synthesis of
minocycline. Thus the costs associated with synthesis,
isolation, and purification of this epimer are significantly
higher compared with minocycline. These parameters favored
the use of minocycline over 4-epi-minocycline as the choice of
drug for investigation in combination with silver.
A checkerboard assay was performed with four P. aeruginosa

and four MRSA isolates, selected based on the MICs of silver
and minocycline, to identify the optimal ratio of the two drugs
that delivers maximum therapeutic efficacy. FIC values were

Figure 6. TEM images of P. aeruginosa treated with silver acetate, minocycline, or both. Top: P. aeruginosa strain PA0557 at 7.5k magnification
(scale bar: 1 μm). Bottom: PA0557 at 20k magnification (scale bar: 0.5 μm). From left to right: without treatment; 4 μg/mL of silver acetate alone;
2 μg/mL of minocycline alone; and 4 μg/mL of silver acetate combined with 2 μg/mL of minocycline. Arrows indicate electron-dense granules
outside bacteria and segmentation of the bacterial membrane.

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.8b01288
Mol. Pharmaceutics 2019, 16, 1606−1619

1614

http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01288/suppl_file/mp8b01288_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01288/suppl_file/mp8b01288_si_001.pdf
http://dx.doi.org/10.1021/acs.molpharmaceut.8b01288


calculated46 to identify synergistic or additive concentrations.
The FIC values suggest additive effects for silver and
minocycline (0.5 < FIC ≤ 1.0) for three of the four tested
strains of P. aeruginosa and all four tested MRSA strains (Table
3 and Table S5). However, the poor sensitivity of the
checkerboard assay, which relies on evaluating turbidity in each
microdilution to detect bacteriostatic effects, is a major
limitation of the assay. A time-kill analysis defined by the
CLSI was used to confirm synergy.46 At 24 h, >2 log10
reduction in the bacterial burden with both P. aeruginosa
isolates compared with individual treatments demonstrates
synergy64 between silver and minocycline (Figure 2).
Furthermore, when combined with silver acetate, the required
amount of minocycline reduced from 64 to 32 μg/mL against
minocycline-resistant strain PA0540 to achieve synergistic
effects (Figure 2C). We have confirmed similar results with
MRSA isolates SAEH 05 and MRSA 0608 (Figure S1). SAEH
05, upon treatment with a combination of 4 μg/mL silver
acetate and 0.13 μg/mL minocycline, demonstrates a >2 log10
reduction compared with individual drug treatments, indicat-
ing synergy (Figure S1A). Despite the significant reduction in
the bacterial burden of MRSA 0608 treated with a combination
of 2 μg/mL silver acetate and 0.5 μg/mL minocycline
compared with individual drug treatments, the reduction is
<2 log10, which does not meet the synergy criterion established
by CLSI (Figure S1B). Thus although we observed a
significant difference in the bacterial burden between the
combination-treated group and the individual drug-treated
groups, we did not identify synergistic effects between silver
acetate in combination with minocycline against MRSA 0608
(Figure S1B). We speculate that given the relatively higher
MICs of silver acetate against MRSA, the potent activity of
minocycline as an anti-staphylococcal drug eclipses the effect
of the combination therapy.
TEM was further used to confirm the morphological

changes in P. aeruginosa after exposure to the silver/
minocycline combination. Upon incubation with silver,
deposition and accumulation are observed throughout the
cross section of the samples at low and high magnifications.
When bacteria are treated with silver or a silver and
minocycline combination, electron-dense granules are seen.
The electron-dense granule clusters likely represent the
deposition of silver at the outer bacterial membrane, as
demonstrated by Sondi and Salopek-Sondi65 and supported by
Feng et al.61 Similar to data reported by our group and others,
silver-treated bacteria exhibit irregular cellular shape and
ruptured membranes, leading to the leakage and efflux of
cytoplasmic contents.66,67 In addition to membrane rupture,
minocycline-treated bacteria cells uniquely show spheroplasts
in the lower magnification images, membrane segmentation, as
well as condensation of the inner membrane and detachment
from the outer membrane. Regardless of their targets,
antibiotics that disrupt protein synthesis display unique cellular
disruptions, which result in similar effects.68−70 Upon treat-
ment with a combination of silver and minocycline, the TEM
images show a combination of morphological changes that can
be attributed to one of the two therapeutics. As far as we are
aware, we are the first group to document the effect of
minocycline against P. aeruginosa through TEM images. The
absence of such TEM images in the literature may be due to
minocycline’s common use as an anti-staphylococcal but not as
an anti-pseudomonal therapeutic.

The combination of silver and minocycline demonstrates
tremendous potential as a combination therapy; however, the
low bioavailability of silver cations and the potential side effects
of long-term minocycline dosing remain a concern.61,71,72

These pitfalls can be addressed by the use of drug-delivery
devices such as nanoparticles. For instance, nanoparticles can
be delivered directly to the lung, the site for P. aeruginosa
infections in CF patients, minimizing interactions between the
therapeutic and other organs.73 Previously, Shah et al.29 have
demonstrated that silver-loaded SCK nanoparticles achieve a
16-fold reduction in the amount of silver compared with free
drug to attain a 60% survival advantage in an acute P.
aeruginosa pneumonia model. Moreover, the silver-loaded SCK
nanoparticles were delivered in two doses compared with five
doses required for free drug over a period of 72 h. Thus such
localized drug administration into the lung results in lower
systemic toxicity and adverse effects, a reduction in the number
of drug doses,29 as well as improved patient adherence.73

Nanoparticles with diameter <1 μm penetrate deeper into
the alveolar region,74 whereas smaller particles with diameter
<5 nm are typically cleared at a rapid pace from the lung by
exhalation as well as extravasation into the bloodstream.75

Currently, the common nanoparticle drug formulations for
lung therapeutics have diameters <500 nm to avoid alveolar
macrophage uptake.75 We have engineered particles with
diameters ranging between 12 and 22 nm. The average 3D
mesh spacing in CF lung mucus is 230 ± 50 nm,76 whereas the
pore size of P. aeruginosa biofilms has been found to be
between 100 and 500 nm.77 The smaller nanoparticles
engineered here have the potential to overcome the mucus-
and biofilm-associated obstruction in CF patients as well as to
avoid opsonization by alveolar macrophages. Thus by
optimizing the nanoparticle size, we can achieve enhanced
penetration into otherwise difficult to penetrate mucus and
biofilm layers to achieve sustained release in close proximity to
the bacteria hiding in these complex matrices.
Both silver and minocycline single-loaded nanoparticles

demonstrate antimicrobial activity somewhat comparable to
that of the corresponding free drug (Figure 5 and Figure S2).
In particular, the activity of minocycline-loaded nanoparticles
mirrors that of free minocycline against P. aeruginosa, but they
are less active than free minocycline at the C2 concentration
against MRSA. Silver-loaded nanoparticles, however, demon-
strate a 5 log10 greater reduction in P. aeruginosa CFU
compared with free drug at the C3 concentration, which can be
attributed to the sustained release and protection of Ag+

cations from chloride ions afforded by the nanoparticles. A
similar but slightly attenuated effect is also observed with
MRSA (Figure S2). The more potent response of the silver
single-loaded nanoparticles against P. aeruginosa, compared
with MRSA, is likely due to the lower antimicrobial efficacy of
silver cations against MRSA.
This initial dual-loaded nanoparticle formulation exhibits

silver and minocycline loading at a ratio of 1.15:1 (1:0.87) that
does not match the target 1:2 silver/minocycline ratio that was
identified as synergistic in the free-drug checkerboard assays.
Nevertheless, the combination of free silver and minocycline at
this ratio at the C3 concentration in the CFU studies
demonstrates a >2 log10 reduction in bacterial burden
compared with individual free drugs, meeting the definition
for synergy against P. aeruginosa (Figure 5B). However,
because nanoencapsulated silver proved significantly more
efficacious against P. aeruginosa than free silver at the C3
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concentration, the dual-loaded nanoparticle formulation did
not meet the definition for synergy compared with single-
loaded nanoparticles in the CFU studies. Although they do not
meet the definition of synergy, the dual-loaded nanoparticles
demonstrate superior antimicrobial efficacy compared with
each of the single-loaded nanoparticles at the C3 concentration
(Figure 5A) as well as the combination of free drugs at C3
concentrations against P. aeruginosa (Figure 5B). For MRSA,
dual-loaded nanoparticles at the C2 concentration demonstrate
a 2 log10 reduction in the bacterial burden compared with
individual drug-loaded nanoparticles, meeting the definition for
synergy (Figure S2A). This activity of the dual-loaded
nanoparticles is similar to that of the combination of free
drugs against MRSA, although at the C2 concentration, the
antimicrobial activity of free minocycline, the more potent
anti-staphylococcal antimicrobial, is greater than that of the
nanoparticle formulation (Figure S2B).
Taken together, these results suggest that in vitro studies of

free drugs, either individually or in combination, may not
predict the in vitro activity of dual-loaded nanoparticles given
the complexities of individual drug release from a dual-loaded
nanoparticle formulation. Moreover, the advantages of
sustained release in an in vivo setting cannot be readily
replicated in a static, in vitro experiment. The in vitro
advantages of nanoparticles are limited because the delayed
release of encapsulated drugs leads to lower concentrations of
free drug available for antimicrobial activity. Additionally, these
tests only measure activity against planktonic bacteria.
Nevertheless, these results may also suggest that the
identification of a loading ratio of silver and minocycline that
might prove to be synergistic against P. aeruginosa in dual-
loaded nanoparticles may be achieved by combining silver-
loaded nanoparticles with free minocycline, given that the
activity of the minocycline in the dual-loaded system mirrored
that of the free drug, whereas the activity of the encapsulated
silver was significantly enhanced compared with that of free
silver. Ultimately, the ability of these nanoparticles to provide
sustained release of two distinct therapeutics, one amphiphilic
and one hydrophilic, imparts tremendous potential for their
use as delivery devices. The unique design and chemistry of
these SCK nanoparticles allow tailoring of the surface
characteristics as well as the relative sizes of the hydrophobic
core and hydrophilic shell, which allows tuning of the loading
and release rates of both therapeutics. These optimizations to
achieve release rates of the two antimicrobials that match
synergistic ratios will provide a strong foundation for the next
set of experiments and may realize the full potential of these
drug-delivery devices as next-generation antimicrobials.

■ CONCLUSIONS

We have demonstrated the ability of two known SoC
antimicrobials to synergistically eradicate MDR P. aeruginosa
and S. aureus. We have also demonstrated by TEM the ability
of both drugs to act in conjunction. Furthermore, we
successfully synthesized silver and minocycline dual-loaded
nanoparticles and demonstrated improved antibacterial activity
compared with the combination of silver and minocycline as
free drugs at the same concentrations. The lower concen-
trations of therapeutics, site-specific delivery, and sustained
release achieved with nanoparticle formulations also reduce the
possibility of generating drug-resistant mutants and systemic
toxicity and may improve patients’ adherence.
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